Background-Increasing evidence links altered intestinal flora in infancy to eczema and asthma. No studies have investigated the influence of maternal intestinal flora on wheezing and eczema in early childhood.
Introduction
Prenatal and early life microbial exposures affect immune system development and tolerance. The human intestinal microbiota, which consists of a complex community of hundreds of bacterial species, [1, 2] represents a vital environmental influence on the developing immune system. Increasing evidence suggests that the composition of the intestinal flora in early life may influence the development of an allergic phenotype [3] [4] [5] and immune response to infection. [6] Several studies have investigated the associations between infant intestinal flora and allergy and asthma-related outcomes. Observational studies have shown decreases in the prevalence of Lactobacillus, Bacteroides and Bifidobacteria species, and higher burdens of S. aureus, E. coli or C. difficile in allergic as compared to non-allergic children. [7] [8] [9] [10] Microbial community structure and overall diversity may also be important influences on child outcomes, with development of a diverse gut microbiota early in life being related to decreased risk of allergy in some studies. [11] [12] [13] Early infant wheeze is common [14] and is often due to viral respiratory infection. Though infrequent wheeze may be transient, recurrent wheezing in early life is associated with an increased risk of child asthma. [15] [16] [17] Some trials of probiotics or prebiotics aimed at altering infant intestinal flora have shown beneficial effects on both allergy-related outcomes such as eczema [18, 19] as well as respiratory infections [20, 21] .
Maternal intestinal flora influences the composition of infant flora; [22] however no studies to date have examined its relationship with disease outcomes in infants. Our objective was to investigate the association between maternal intestinal flora and wheeze and eczema in infancy.
Materials and Methods

Study cohort
Pregnant women were recruited at their 24-week prenatal visit from three outpatient facilities affiliated with Brigham and Women's Hospital in Boston between July 2003 and November 2005 as previously described. [13, 23] Inclusion criteria were maternal age between 18 years and 44 years, plans to deliver at Brigham and Women's Hospital, and maternal ability to speak English or Spanish. Subjects were not recruited based on any specific disease such as allergy or asthma. Informed consent was obtained from participating mothers. The study protocol was approved by the Institutional Review Board of the Brigham and Women's Hospital and conforms to the principles expressed in the Declaration of Helsinki.
Questionnaire and review of medical records
A questionnaire was administered to each participating woman between her 24-week prenatal visit and delivery to obtain information on demographics, general health, and history of allergic diseases and/or symptoms in her and in the father of her child. Information on labor and delivery was obtained from review of medical records. When the child was 2 and 6 months of age, a telephone questionnaire (modified from the American Thoracic Society-Division of Lung Diseases questionnaire [24] ) was administered by trained research assistants to the child's primary caretaker.
Stool collection and culture
A stool sample was collected from participating women between their 24-week prenatal visit and delivery. At least one gram of stool was collected into a sterile specimen container and frozen for transport to the laboratory. Samples were weighed, serially diluted with sterile phosphate-buffered-saline (PBS) in an anaerobic chamber, and plated onto enriched or selective agar media. Media for the recovery of obligate anaerobes included pre-reduced Brucella base agar containing 5% sheep blood, enriched with hemin, and vitamin K (BMB), BMB containing 5% laked sheep blood, 100 μg/ml of kanamycin, and 7.5 μg/ml vancomycin (BKV) for Bacteroides and Prevotella species, and Rogosa selective agar for lactobacilli and bifidobacteria (ROG). Facultative organisms were recovered using tryptic soy base agar with 5% sheep blood agar (TSA), bile esculin azide agar (BEA) for enterococci, and MacConkey agar (MAC) for Enterobacteriaceae. All media with the exception of ROG, which was prepared in-house according to manufacturer's directions (Difco), was obtained from PML Microbiologicals, Tuluatin, OR. Agar plates inoculated for the recovery of obligate anaerobes (BMB, BKV, and ROG) were incubated in an anaerobic chamber for a minimum of 96 hours before enumeration. Media used for the isolation of facultative species (TSA, BEA, and MAC) were removed from the chamber and incubated for 48 hours in air. Following incubation, colonies were enumerated on the various selective and nonselective media, and Gram's stains were performed. All counts were recorded as log10colony-forming units (CFU)/gram dry weight of stool so that all counts were based on a consistent denominator unaffected by the amount of liquid in the stool. The lower limit of detection of the various organisms cultured was 1.5 log10CFU/gram.
Counts were analyzed relative to the dry input mass of stool: (1) total anaerobes, (2) total aerobes, (3) total Gram-negative anaerobes, (4) lactobacilli and bifidobacteria (combined), (5) Enterobacteriaceae, and (6) enterococci.
Outcomes
Primary outcomes were wheeze and eczema. Wheeze was defined as an answer of "yes" to "Has your child had any wheezing or whistling in the chest?" at either the 2 month or 6 month follow-up interview. Eczema was defined as parental report of doctor-diagnosed eczema in the first 6 months of life. Secondarily we also looked at atopic wheeze, defined as both doctor-diagnosed eczema and wheezing in the first 6 months of life.
Covariates
Variables considered for inclusion in the multivariate analysis included maternal and paternal asthma, maternal and paternal atopy (defined as report of doctor-diagnosed asthma, allergy or eczema), smoking during or just before pregnancy, maternal age, birthweight, maternal antibiotic use, gestational age, mode of delivery, child gender, child race, breastfeeding, presence of children under age 14 at home, daycare attendance, presence of children under age 2 at daycare, and infant antibiotic use.
Statistical Analysis
Stepwise regression was used to build multivariate models. Variables associated at p<.20 and potential confounders were included in initial models. Final models included variables associated with the outcome at p<.05 and/or those that caused a change of greater than 10% in the effect estimate for the microbial exposure of interest. Final models were adjusted for breastfeeding daycare attendance and maternal atopy. All analyses were performed using SAS version 9.1 (SAS Institute, Cary, NC, USA). Table 1 shows characteristics of the 60 sets of parents and 61 infants (one set of twins) included in the study. Mean age of mothers was 34 (SD 6.4). Sixty percent of mothers and 18% of fathers had atopy. Few mothers smoked just before or during pregnancy. The majority of children were white. Rates of caesarean section were slightly higher than national rates, though consistent for the mean maternal age in our cohort; [25] approximately 50% of these were elective. Only 2 (3%) of the infants were pre-term (33 weeks). There were high rates of both wheezing and eczema in the infants.
Results
The distribution of types of microorganisms identified in the stool samples from mothers is shown in Figure 1 . The highest median counts (in log10CFU/g stool) were of total anaerobes. Counts of lactobacilli and bifidobacteria (combined) and of enterococci were an average of 2 logs lower per gram of fecal material cultured than Gram-negative anaerobes but had a wide range of variation.
Maternal flora and infant outcomes
We first examined the bivariate relationships between maternal stool flora and infant outcomes. There was a significant association between higher counts of total aerobes and of enterococci in maternal stool with development of wheezing in infants. There was no significant association with eczema alone nor with atopic wheeze (Table 2 ). Figure 2 shows the differences in distribution of total aerobes and enterococci in mothers of children with and without wheezing. There were no significant associations between maternal total anaerobes, total Gram-negative anaerobes, the combination of lactobacilli and bifidobacteria or Enterobacteriaceae with any of the outcomes (data not shown).
Adjusting for covariates (breastfeeding,daycare attendance and maternal atopy) in the multivariate model strengthened both the effect size and significance of the bivariate associations. A one unit increase in log10CFU of total aerobes per gram of stool was associated with a greater than 2-fold increase in the odds of wheezing in infants (p=.01). A one unit increase in log10CFU of enterococci per gram of stool was associated with a 1.6-fold higher odds of wheezing (p=.02) ( Table 2 ). There were no significant associations with eczema alone nor with atopic wheeze.
Discussion
We examined associations between the specific bacterial components of the intestinal flora of pregnant women during their 3rd trimester in relation to the development of wheeze and eczema in their children. The infants of pregnant women with higher total aerobes and enterococci in their 3rd trimester stool samples had higher rates of wheeze when evaluated up to age 6 months. Adjusting for breastfeeding and daycare attendance strengthened this association. Although prior studies have examined the effect of maternal flora on infant flora or blood cytokines, to our knowledge this is the first study to examine the relationship between maternal intestinal flora and infant disease outcomes such as wheeze and eczema.
Normal immune maturation depends upon interactions between the host immune system and the intestinal microbiota. [26] [27] [28] [29] Possible influences affecting early infant bowel flora include mode of delivery, [23, 30, 31] early infant diet, [10, [32] [33] [34] [35] and composition of the maternal flora. [22, 36] Maternal factors contributing to the development of the microbiota in neonates and infants include the composition of the mother's intestinal [22] and vaginal [37, 38] flora as well as breast-milk [39] flora. One study from Japan suggests that maternal intestinal flora may be more important than vaginal flora in shaping infant intestinal flora. [22] The potential influence of maternal flora on infant outcomes is indirectly exemplified by trials of probiotics. Maternal consumption of Lactobacillus species has been shown to influence infant flora [40] and interventional studies of probiotics to prevent atopic disease have had more success with combined maternal prenatal supplementation in addition to infant supplementation, [18, 19, 41, 42] rather than solely the latter. [43] Given that maternal probiotic ingestion may influence infant flora and outcomes, it is not surprising that maternal flora may also affect the development of disease outcomes or symptoms in infants.
One large study of over 3000 children has investigated the influence of maternal vaginal flora on child asthma-related outcomes, specifically asthma hospitalization and use of medications for asthma. They found higher risk of hospitalizations for wheezing in children of mothers colonized with Ureaplasma urealyticum, and higher risk of asthma in those whose mothers were colonized with staphylococci (a facultative anaerobe). [38] Our group has found previously that components of maternal stool influence cord blood immune response. [23] However no previous study has examined maternal intestinal flora in relation to child wheeze or allergy outcomes.
At birth an infant's gastrointestinal tract is sterile. Early gut colonization occurs through encounters with microbial species in the environment, with exposure to the mother's microbiota being a primary influence. Facultative species colonize intestinal ecosystems first, followed by increasing numbers of obligate anaerobes until a predominance of obligate anaerobes is present by the end of the first year of life, at which time a stable microbial community resembling that of an adult is established. [44, 45] Over the last several decades, detailed analyses of intestinal colonization of infants have shown that concomitant with the rise in prevalence of allergic diseases, the composition of early infant intestinal flora has changed, with a greater early predominance of facultative anaerobes, lower anaerobe to facultative anaerobe ratio, and later colonization with obligate anaerobes such as Bacteroides and bifidobacteria. [46, 47] Together with the rising prevalence of allergic disease, [48] [49] [50] this may represent ecological evidence that early colonization with obligate anaerobes is protective. Furthermore, animal models suggest that the obligate anaerobe Bacteroides fragilis may play a key role in the development of immune tolerance. [51, 52] Our prior findings that anaerobes in maternal stool were positively correlated with the antiinflammatory cytokine IL-10 in cord blood [23] together with our current finding that higher maternal total aerobes and enterococci (a facultative anaerobe) were associated with higher risk of wheezing is consistent with the suggested importance of anaerobes, though this is indirect evidence. Analyses in larger cohorts are needed to confirm these findings.
Early childhood wheezing is often due to viral respiratory infection and may or may not be related to allergy or subsequent development of asthma. Regardless of whether the children go on to develop asthma, early childhood wheezing is an important cause of morbidity and health care utilization in young children. [49, 53] It may be that our findings suggest that infant immune response to respiratory infection could be affected by altered microbial exposure, which has been suggested by prior studies. [6, 20, 21] Specific types of intestinal bacteria may stimulate antibody production, enhance cytokine release, or augment phagocytosis, all of which could potentially reduce the severity of infection. [54, 55] Prior trials of probiotic supplementation have shown reduced severity or incidence of respiratory tract infections [20, 21, 56, 57] . Even in the absence of an effect on atopic asthma, a protective effect of specific microbes against wheezing in response to viral respiratory infection is interesting and could have significant implications on respiratory health in childhood.
If confirmed in future studies, our findings have several implications. Maternal intestinal flora may need to be considered an important modifiable environmental exposure in the development of child immunity and tolerance. Further investigations and elucidation of specific species that confer either increased or decreased risk will be valuable in planning prevention studies in which pre-or probiotics are used to manipulate maternal intestinal flora during pregnancy for the prevention of child allergy.
These data must be interpreted in the context of the study design. First, the small number of subjects may have limited our power to detect associations with other genera, such as lactobacilli and bifidobacteria, which have been found to be important in studies of infant flora and allergy; our findings will need to be confirmed in larger cohorts. Second, outcomes were assessed at a very early age. Our questionnaires did not distinguish between wheezing due to infection, often the cause of wheeze in early childhood, and wheezing related to allergy. Though a multitude of studies relate wheezing in response to viral infection in early life as a risk factor for subsequent asthma, [15] [16] [17] [58] [59] [60] , infection-related wheezing can also be transient. Prior data shows that children with recurrent wheeze in the first year of life had a threefold increase in the odds of asthma at age 7 years. [61] In our study because we did not examine recurrent wheeze, we likely captured both transient and recurrent wheezers in our analysis. As stated above, however, if our findings do not relate to allergy or asthma but instead represent a modifiable risk factor for severe viral infections, these results remain important in understanding immune system development and have implications for potential future studies and interventions. Third, we did not find any association with eczema, one of the early steps in the "atopic march" and there may have been too few subjects with atopic wheeze to find an effect. An association in the same direction was suggested with atopic wheeze though did not reach statistical significance. Fourth, although the cohort was not recruited for any history of allergy, asthma or other specific disease, the high rate of atopy among mothers suggests the possibility of selection bias and may limit the generalizability of our finding. However, rates of atopy in the general population have been reported to be as high as 40-54% [62] [63] [64] , and enrichment of our sample for atopic mothers may have increased the incidence of our primary outcomes and thus would increase our power to detect differences.
In summary, we found that bacteria in maternal stool during pregnancy identified by quantitative culture were associated with early infant wheeze. Specifically, higher total aerobes and counts of enterococci were associated with increased risk of wheezing in the first 6 months of life. Though our findings need to be confirmed in larger studies, this is the first evidence to our knowledge that bacterial members of the larger microbial community present in maternal stool may influence child immune-related outcomes. Future studies will clarify which types of bacteria may reduce risk, and these data will inform interventional studies using prebiotic foods or probiotic supplementation during pregnancy to modulate the immune response potentially decreasing risk of wheezing or infection in children. Median and interquartile range of maternal bacteria by child wheezing status up to age 6 months (unadjusted). Table 1 Characteristics of parents and children from the AMIGA study Unadjusted and multivariate models for the association between maternal stool organisms and infant wheeze, eczema and atopic wheeze 
